Abstract-A modal projection filtering method is proposed for the dynamic atomic force microscopy (AFM) to accurately reconstruct the multimode tip motion of the AFM microcantilever from the single measurement signal of the optical lever method in real time. The optical lever method is inherently a slope detection method, wherein each individual dynamic mode pertinent to the slope detection principle of the measurement system has its own distinct measurement sensitivity because of the unique dynamic mode shape per a mode. The proposed modal projection filtering method uses the experimentally identified multimode dynamic model of the AFM microcantilever along with the calibrated measurement sensitivities of individual dynamic modes to design the modal projection filters to extract the responses of individual dynamic modes from the single measurement signal. The tip motion of the AFM microcantilever is then accurately reconstructed by using a linear superposition of the extracted responses of multiple dynamic modes. The designed modal projection filters were implemented in a field programmable gate array for real-time computation with an update rate of 1 MHz. Computer simulations and experimental investigations were performed to validate the principle of and to demonstrate the performance of the proposed method.
employed to probe the sample surface and sense the tip-sample interactions. While various microcantilevers [9] [10] [11] have been developed for different AFM applications, its fundamental principle remains the same. The microcantilever is deflected under the tip-sample interaction force and the tip position changes accordingly. A deflection signal is measured in real time and used to detect the microcantilever's deflection and to estimate its tip position/motion. Different operation modes have been developed for the AFM, among which the contact mode and the dynamic mode are the two most widely used. In the contact mode, the tip of the microcantilever probes the sample surface continuously during imaging, and the deflection of the microcantilever is regulated at a set point by moving the tip up and down to track the topography variation of the sample surface. In the dynamic mode, the microcantilever is usually excited to oscillate periodically near its first resonance frequency, and the tip, therefore, taps the sample surface intermediately. Compared to the contact mode, the dynamic mode has several advantages, such as low sensitivity to the thermal drift of the microcantilever and greatly reduced lateral force between the tip and the sample surface, which can cause damage to the sample and/or the tip [12] .
In dynamic mode AFM, the tip-sample interaction force induced during the contact phase excites the transient response of the microcantilever dynamics momentarily besides its steadystate response to the periodic excitation [13] , [14] . Conventionally, a single-mode dynamic model of the microcantilever [15] , [16] is employed for the study of the dynamic mode AFM. The dynamic response of the microcantilever is, nonetheless, inherently attributed to multiple dynamic modes, the essential nature of a distributed parameter system [17] . Therefore, in the case that higher dynamic modes are excited by the widebandwidth tip-sample interaction force in the dynamic mode applications and the associated responses are significant, neglecting them often leads to noteworthy errors in estimating the tip motion and/or the interaction force [18] , especially for the purposes of high-resolution and high-speed imaging [19] , [20] . Moreover, recent studies [21] [22] [23] also suggest the need of employing multiple dynamic modes to investigate the dynamic behavior of the microcantilever when operating the AFM at dynamic mode higher than the first one or at multiple dynamic modes, wherein accurate estimation of the individual dynamic mode responses is of paramount importance.
The optical lever method [24] , because of its simple configuration, high resolution, and low cost, is commonly employed in commercially available AFMs to measure the dynamic response of the microcantilever. In this method, a laser beam is reflected from the back surface of the microcantilever and received by a photodiode. The position of the reflected laser beam on the photodiode is sensed as a voltage signal, which changes proportionally to the slope of the microcantilever deflection at the laser spot location. Therefore, this method is inherently a slope detection method [25] , wherein a conversion factor, defined as the measurement sensitivity [26] , is used to convert the voltage signal into the tip position motion. Whereas the measurement sensitivity employed for conventional applications is usually associated with only the first dynamic mode, each individual dynamic mode pertinent to the slope detection principle of the measurement system has its own distinct measurement sensitivity because of the unique dynamic mode shape per a mode [27] , [28] . For example, as recently reported [28] , the measurement sensitivity of the first dynamic mode and that of the second dynamic mode can differ by a factor over 3. Therefore, in the case that the responses associated with higher dynamic modes are significant, using the single measurement sensitivity to covert the voltage signal into the tip position/motion can lead to noticeable measurement error as the measured responses of higher dynamic modes are distorted.
Accurate measurement of the tip position/motion of the microcantilever is fundamental for many AFM applications, including high-resolution topography imaging, tip-sample interaction force estimation, and mechanical property characterization of the sample surface. It is, therefore, vital to improve the accuracy of tip position/motion estimation from the measurement signal of the optical lever method, whereas it is necessary to be able to extract the individual dynamic mode responses from the single measurement signal and apply the associated measurement sensitivities to estimate the tip position/motion.
Responses of individual dynamic modes are conventionally extracted through amplitude and phase demodulation of the measurement signal at each individual dynamic mode's resonance frequencies [29] [30] [31] . Whereas the response at a resonance frequency is likely contributed primarily by the associated dynamic mode, it is actually attributed to multiple dynamic modes rather than a single mode. Error, therefore, exists in the extracted individual dynamic mode responses using this approach. Moreover, the amplitude and phase demodulation method, which is typically realized by using the lock-in amplifier, has very limited measurement bandwidth, and, therefore, is not an effective approach for real-time measurement of the microcantilever's transient response. To overcome the aforementioned limitations, an approach based on a receding horizon Kalman (RHK) observer structure was proposed to estimate the individual dynamic mode responses of the microcantilever and extraction of the first two dynamic modes' responses was experimentally demonstrated [32] . This approach led to improvements in speed and accuracy of the extraction of individual dynamic mode responses when compared to the amplitude and phase demodulation method. Still, a noticeable error existed in the estimated modal responses during the tip-sample interaction, which was an unpredictable nonlinear disturbance to the observer. The reported reconstruction error (root-mean-square value) of the second dynamic mode response was about 1 nm during tipsample interaction. It is also worth noticing that the real-time implementation of this approach was not demonstrated in this paper. Furthermore, neither the amplitude and phase demodulation method nor the RHK observer addressed the issue raised by the measurement sensitivity difference among dynamic modes in the optical lever method. Instead of using the optical lever method, direct measurement of the tip position/motion can be realized by employing the laser interferometry to avoid the aforementioned measurement sensitivity issue [33] [34] [35] . This method is, however, costly and not generally applicable due to needed substantial modifications to the AFM system.
A modal projection filtering method is presented in this paper. The method uses the experimentally identified multimode dynamic model of the AFM microcantilever along with the calibrated measurement sensitivities of multiple dynamic modes to design the modal projection filters (MPF). The designed MPFs are implemented in a high-performance field programmable gate array (FPGA)-based digital signal processor and are used to extract the responses of individual dynamic modes of the AFM microcantilever from the single measurement signal of the optical lever method in real time with the associated measurement sensitivity applied. In this way, the tip position/motion is reconstructed with high bandwidth and picometer level accuracy, even during tip-sample interactions. This paper is organized as follows. In Section II, the principle of the modal projection filtering method and the design of the MPFs are described. In Section III, the principle and the performance of the modal projection filtering method are validated through computer simulations in both frequency domain and time domain. In Section IV, realization of the designed MPFs in FPGA for real-time computation is first described and experimental evaluations of the modal projection filtering method are then presented. The conclusion and discussion are given in Section V.
II. THEORY AND METHODOLOGY
First, the multimode dynamics of the AFM microcantilever is modeled in Section II-A. Then, the principle and the design of the MPF are presented in Section II-B. In Section II-C, the identification of the multimode microcantilever dynamic model and the calibration of the associated measurement sensitivities are introduced.
A. Multimode Dynamic Model of the Microcantilever
The typical AFM microcantilever is a slender and flexible beam of micrometer dimension, with one end fixed and the other end free, as illustrated in Fig. 1(a) . It is a distributed parameter system, which is intrinsically composed of infinite dynamic modes independent from each other. Therefore, the dynamic response of the AFM microcantilever is also attributed to infinite dynamic modes [36] . To be specific, the tip position/motion of the microcantilever is linear superposition of the responses of infinite dynamic modes wherein q(t) is the total tip motion of the microcantilever at time instant t and q i (t) is the tip motion contributed by the ith dynamic mode.
In the optical lever method, the responses of individual dynamic modes q i (t), associated with distinct measurement sensitivities, are converted into voltage signals, which are then combined together as one single measurement signal
wherein S i (x) is the measurement sensitivity of the ith dynamic mode at laser spot location x along the microcantilever length,
is the voltage signal associated with the response of the ith dynamic mode, and y (x, t) is the voltage signal associated with the microcantilever's total response, i.e., the single measurement signal of the optical lever method. To be noted, the measurement signal y (x, t) is not only a function of the time t but also a function of the laser spot location x, due to the dependence of the measurement sensitivity on the laser spot location [37] . It is clearly indicated by (2) that the conventional method for tip position/motion estimation, which employs just the measurement sensitivity of the first dynamic mode S 1 to covert the measurement signal into the tip position/motion, leads to measurement error as the responses of higher dynamic modes are distorted. Despite the contributions of infinite dynamic modes in the dynamic response of the microcantilever, the measurement noise in the actual measurement signal, nonetheless, can be dominant over the responses of high dynamic modes. For example, in Fig. 1(b) , the responses of dynamic modes higher than two are overwhelmed by the measurement noise, and are, therefore, invisible in the power spectral density (PSD) of a microcantilever's thermal fluctuation measured in water. Additionally, the bandwidth of the measurement system also limits the number of detectable dynamic modes. Considering the limitation of the measurement noise and the measurement bandwidth, a microcantilever model of finite dynamic modes can be a more practical one. In fact, the measurement bandwidth can be limited based on the number of dynamic modes of interest by employing a band-limitation low pass filter (LPF). A band-limited measurement signal of the response of an AFM microcantilever with N dynamic modes of interest can be derived from (2) as
Given that the input force of the microcantilever and the model of the ith dynamic mode in s-domain are F (s) and G i (s), respectively, the tip motion contributed by the ith dynamic mode is then Q i (s) = G i (s)F (s), and the band-limited measurement signalȳ (x, t) can be converted to s-domain as
The multimode dynamics G (s) of the microcantilever, including N dynamic modes, can be modeled as the linear superposition of individual dynamic modes
In the measurement signal of the optical lever method, however, the actual microcantilever dynamics in (5) is scaled by the associated measurement sensitivities of individual dynamic modes, and the measured microcantilever dynamics is presented as
B. Principle and Design of the MPF
The conventional method for tip position/motion estimation of the AFM microcantilever leads to a measurement error because of the distortion of higher dynamic mode responses in the conversion of the measurement signal of the optical lever method. Nonetheless, if the models of individual dynamic modes of the microcantilever can be identified and the associated measurement sensitivities can be calibrated, MPF can be built to extract the individual dynamic mode responses from the single measurement signal, based on which the tip position/motion can be accurately reconstructed. Specifically, the MPF for the extraction of the jth dynamic mode response is designed in s-domain as the ratio between the identified model of the jth dynamic mode and that of the measured multimode microcantilever dynamics
whereinĜ i (s) andŜ i (x) represent the identified model of and the calibrated measurement sensitivity of the ith dynamic mode, respectively. The band-limited measurement signal in (4) can then be projected by using the above MPF to extract the response of the jth dynamic modê
The extracted response in (8) can also be expressed in time domain by applying the inverse Laplace transform
It is demonstrated clearly from the above analysis that, as long as the identified dynamic model of the microcantilever and the calibrated measurement sensitivities are accurate enough, the approximate equality in (8) and (9) holds and the extracted responseq j (t) represents the tip motion contributed by the jth dynamic mode q j (t). In other words, the tip motion of each individual dynamic mode can be extracted successfully from the single measurement signal of the optical lever method by using the designed MPF. Consequentially, the total tip position/motion can be reconstructed accurately as a linear superposition of the extracted tip motions of N dynamic modeŝ
C. Multimode Dynamic Model Identification and Measurement Sensitivity Calibration
The proposed modal projection filtering method requires accurate multimode dynamic model of the microcantilever as well as the associated measurement sensitivities. Therefore, techniques for model identification and measurement sensitivity calibration of multiple dynamic modes are developed for AFM microcantilevers.
For experimental calibration of the measurement sensitivities of multiple dynamic modes [28] , the microcantilever is excited periodically near the resonance frequency of the dynamic mode to be calibrated with various initial oscillation amplitudes. For each distinct initial oscillation amplitude, the microcantilever is controlled to engage onto the sample surface. At the very instant of tip-sample contact, the base position of the microcantilever and the oscillation amplitude of the measurement signal in voltage are recorded. The measurement sensitivity of the specific dynamic mode can then be calibrated by applying least square (LSQ) fitting between the recorded datasets of the base positions d of the microcantilever and the oscillation amplitudes V of the 
wherein d k and V k are the base position of the microcantilever and the oscillation amplitude of the measurement signal recorded at the tip-sample contact instant associated with the kth initial oscillation amplitude. The experimental calibration results of the first and the second dynamic modes of an AFM microcantilever (PPP-CONTAuD, Nanosensors) are illustrated in Fig. 2 (a) and (b), respectively, which indicate that the measurement sensitivity of the second dynamic mode is three times of that of the first dynamic mode for this microcantilever and demonstrate the importance of applying correct measurement sensitivities to the associated dynamic mode responses in the measurement signal. For identification of the multimode dynamic model, the microcantilever is excited sequentially at multiple frequencies, and its frequency response is measured by using the principle of lock-in amplifier. The microcantilever dynamic model in (6) is then fitted to the measured frequency response for dynamic parameter identification by minimizing the following objective function:
wherein ω l is the angular frequency of the lth frequency response measurement point, A l and ϕ l are the magnitude and phase of the microcantilever's measured response at ω l , respectively, and j is the imaginary unit of complex number. For each dynamic mode G i , a classic second-order mass-spring-damper model is employed along with an additional first-order numerator dynamics, which is used to account for the heavy hydrodynamic loading on the microcantilever in liquid, as shown in (13) . Therefore, four dynamic parameters need to be identified for each dynamic 
The experimental identification result of the multimode dynamic model of an AFM microcantilever (PPP-CONTAuD, Nanosensors) in water is shown in Fig. 3 . Considering the actual measurement noise level, two dynamic modes were included in the microcantilever dynamic model and were identified. Within the frequency range of the first two dynamic modes (ࣘ30 kHz), the identified model matched well with the measured frequency response, which demonstrates the accuracy of the multimode microcantilever dynamic model built and the performance of the model identification method developed.
III. THEORETICAL EVALUATION
Computer simulations in both frequency domain (see Section III-A) and time domain (see Section III-B) were conducted to validate the principle of and demonstrate the performance of the proposed modal projection filtering method. In the simulations, a system of three dynamic modes was employed as the AFM microcantilever dynamics, whereas the MPFs were designed by using only the models of the first two dynamic modes in order to simulate the actual implementation, in which the responses of higher dynamic modes are neglected due to the limitation of the measurement noise and the measurement bandwidth. The extraction of individual dynamic mode responses and the reconstruction of tip position/motion by using the designed MPFs were evaluated.
A. Evaluation of the Modal Projection Filtering Method in Frequency Domain
The dynamic parameters of the microcantilever's three dynamic modes and the associated measurement sensitivities used in this simulation were defined based on the actual experimental results of model identification and measurement sensitivity calibration of a PPP-CONTAuD microcantilever in water and are summarized in Table I . A fourth-order Chebyshev LPF with the cutoff frequency of 38 kHz, which was between the resonance frequencies of the second (19.6 kHz) and the third (61.5 kHz) dynamic modes, was employed to limit the measurement bandwidth. The microcantilever's original measured response and its measured response after the band-limitation LPF are displayed together with the band-limited tip motion in frequency domain in Fig. 4(a) . Both the original and the bandlimited measured responses of the microcantilever displayed were actually tip motions estimated from the voltage signal by using the conventional method, which applies only the measurement sensitivity of the first dynamic mode for conversion. By comparing the measured responses from the conventional method with the actual tip motion in Fig. 4(a) , it is illustrated clearly that the responses of higher dynamic modes are distorted in the conventional method due to the measurement sensitivity difference among different dynamic modes, implying the importance of tip position/motion reconstruction using the modal projection filtering method. In this simulation, specifically, the responses of higher dynamic modes were exaggerated due to the larger measurement sensitivities of higher dynamic modes, as listed in Table I .
By using the models of the first two dynamic modes and the associated measurement sensitivities, two MPFs were designed to extract the responses of the first and the second dynamic modes from the single measurement signal, respectively. The designed MPFs in s-domain are given in (14) and their frequency responses are shown in Fig. 4(b) :
The responses of the first and the second dynamic modes were extracted by using the above-designed MPFs and compared with the actual modal responses in frequency domain, as shown in Fig. 5(a) . It is indicated that the responses of both dynamic modes were extracted accurately except for the small errors at frequencies higher than the second dynamic mode, which should be attributed to the influence of the response of the unmodeled third dynamic mode. Still, this influence was small due to the large stiffness of the third dynamic mode and the attenuation effect of the band-limitation LPF. The tip motion was reconstructed by using (10) along with the extracted individual dynamic mode responses. Fig. 5(b) illustrates the reconstructed tip motion together with the actual tip motion in frequency domain. It demonstrates that the tip motion was also well reconstructed besides the small errors in the high frequency range, which was caused by the response of the third dynamic mode too. These comparisons demonstrate that the individual dynamic mode responses of the AFM microcantilever can be extracted, and the tip motion can be reconstructed by using the proposed modal projection filtering method. Still, it should be noted that the accuracy of the extracted individual dynamic For each dynamic mode, the mass M, the damping coefficient C, the stiffness K, the resonance frequency f , and the measurement sensitivity S are listed. The measurement sensitivities are normalized so that the measurement sensitivity of the first dynamic mode is 1. mode responses and the reconstructed tip motion relies on the accuracy of the identified microcantilever dynamic model and the calibrated measurement sensitivities.
B. Evaluation of the Modal Projection Filtering Method in Time Domain
In this section, a time-domain simulation was conducted to further investigate the performance of the proposed modal projection filtering method. The dynamic parameters of the AFM microcantilever and the associated measurement sensitivities used in this simulation were the same as those used in the above frequency-domain simulation. Moreover, the same band-limitation LPF with 38-kHz cutoff frequency was also employed. In this simulation, the microcantilever was excited periodically at 2.4 kHz, near the resonance frequency of its first dynamic mode, and was engaged to tap the sample surface inter- Both the individual dynamic mode response extraction and the tip motion reconstruction were accurate besides the small error at frequencies higher than the second dynamic mode, which was attributed to the presence of the third dynamic mode in the microcantilever dynamics.
mittently. The height of the sample surface increased stepwise to simulate the sample topography variation during the real imaging, as illustrated in Fig. 6(a) . As a result, the tip-sample interaction force increased gradually in the simulation. As a widebandwidth impulse force, the interaction force can excite all dynamic modes of the AFM microcantilever. Therefore, the actual tip motion displayed in Fig. 6(a) and the measured response from the conventional method displayed in Fig. 6(b) both show the influence of higher dynamic mode responses, which can be observed from the high-frequency ringing appearing near the lowest point of each tapping cycle. Apparently, the measured response acquired from the conventional method was significantly different from the actual tip motion, especially around the contact phase, wherein the higher dynamic modes were excited momentarily by the tip-sample interaction force and their responses were distorted in the measured response of the conventional method. This difference, as illustrated quantitatively in Fig. 6(c) , can be as large as 1.8 nm. In this case, any quantitative study on the topography and/or the mechanical properties of the sample surface in dynamic mode AFM can be seriously misled.
The two MPFs were designed as shown in (14) to extract the individual dynamic mode responses. The actual and the MPFextracted responses of the first and the second dynamic modes were displayed in Fig. 7(a) and (b) , respectively. It is clearly illustrated that the responses of both dynamic modes were extracted accurately. The tip motion was then reconstructed by using (10) and was displayed in Fig. 7 (c) together with the actual tip motion in the simulation. Apparently, the reconstructed tip motion matched well with the actual tip motion. As illustrated by the blue solid line in Fig. 7(d) , the tip motion reconstruction error, although not zero due to the influence of the third dynamic mode response, was smaller than 35 pm. This is almost two orders of magnitude improvement compared to the tip position/motion estimation error from the conventional method [1.8 nm maximum in this simulation, as shown in Fig. 6(c) ]. It is also significantly smaller than the modal response reconstruction error reported in existing works [32] , which was about 1 nm (rms value) in the reconstructed second dynamic mode response. This result validates the principle of the proposed modal projection filtering method again and demonstrates its advantages over the existing methods of modal response reconstruction.
It is worth mentioning that the tip motion reconstruction error shown as the blue solid curve in Fig. 7(d) increased with time because the sample surface height increased stepwise and the tip-sample interaction force increased accordingly. As a result, the third dynamic mode, which was not modeled in the design of the MPF, was excited more significantly and its response was presented as larger reconstruction error. To verify this, another simulation was supplemented, wherein the cantilever dynamics only included the first and second dynamic modes and the MPFs were designed based on these two modes. The tip motion reconstruction error in this case was plotted as the red dashed line in Fig. 7(d) , which was within the range of 1 pm and did not increase as the interaction force increased. This demonstrates that the MPF method can reconstruct the tip motion very accurately as long as the cantilever dynamic model used in MPF design is accurate. In practice, unmodeled higher dynamic modes always exist. However, considering the fact that the largest interaction force used in this simulation was 4.3 nN, which is larger than the interaction force typically used in actual experiments, it is expected that the reconstruction error caused by the unmodeled high mode responses in actual applications should be smaller than the simulation results demonstrated here (35 pm).
IV. EXPERIMENTAL EVALUATION
In Section III, the principle of the modal projection filtering method was validated and the performance of this method was demonstrated by using given microcantilever dynamics and simulated responses. In order for this method to be practically useful, the dynamic mode response extraction and tip motion reconstruction with the MPFs should be able to be computed in real time. In this section, first, the implementation of the MPFs in a FPGA-based high-performance digital signal processor for realtime computation is presented. Second, the modal projection filtering method was experimentally evaluated by real-time extraction of an AFM microcantilever's dynamic mode responses and reconstruction of its tip motion with the implemented MPFs.
A. Real-time Implementation of the MPF
For the practical usefulness in various applications, the implementation of the designed MPFs in a digital signal processor for real-time computation is important. As shown in (7), the MPFs are designed based on the dynamics of the AFM microcantilever. Considering the large range of the dynamic bandwidths of commercially available AFM microcantilevers, which can vary from a few kilohertz to several hundred kilohertz, the computational update rate of the digital signal processor where the MPFs are implemented should at least cover the range of megahertz. For this purpose, a home-made FPGA-based high-performance digital signal processing system [38] , [39] is developed, the configuration of which is illustrated in Fig. 8(a) . Two FPGAs (Stratix II and Stratix III, Altera) are coordinated to work together as a digital signal processor to provide substantial computation resources for the implementation of advanced digital signal processing/control algorithms. High-speed peripheral devices are integrated, including an analog-to-digital converter (ADS5424, 50 MSPS, Texas Instruments) for the sampling of the measurement signal of the optical lever method and a digital-to-analog converter (DAC5687, 50 MSPS, Texas Instruments) for the excitation and actuation of the microcantilever. Additionally, a USB 2.0 communication between the FPGA and the host computer is established for bidirectional data transfer. Benefiting from the high speed and fully parallel computation capability of the FPGA, this home-made digital signal processing system can achieve a computational update rate of 1 MHz.
The implementation of the MPFs in FPGA is illustrated in Fig. 8(b) . The designed MPFs in (7) are first converted from continuous transfer functions G MPF,j (x, s) into discrete transfer functions G MPF,j (x, z) with an update rate of 1 MHz. These discrete transfer functions are then implemented in the form of recursive difference equations in FPGA with a hardware description language (Verilog HDL) for real-time computation. It is worth noting that the computation of multiple MPFs illustrated in Fig. 8(b) does not increase the overall computation delay, because each MPF module is implemented with independent logic elements in FPGA so that true parallel computation is achieved. This is one of the major benefits of using FPGA for real-time digital signal processing. The band-limitation LPF and the MPF modules are, however, connected serially in the computation flow, which does add one step delay. Therefore, the total computation delay of the implementation is approximately 2 μs, which is still negligible for most applications. The extracted dynamic mode responses and the reconstructed tip motion computed in FPGA can be transferred to the host computer in real time via the USB 2.0 communication for data display, analysis, and storage.
B. Experimental Evaluation of the Modal Projection Filtering Method
A commercially available AFM microcantilever (PPPCONTAuD, Nanosensors) was employed in the experimental evaluations of the modal projection filtering method. Considering the practical convenience of identification and excitation of the microcantilever dynamics in various applications, a magnetic actuation scheme [39] was utilized. For magnetic actuation, a rare-earth permanent magnetic particle (MQP-S-11-9, Magnequench) with a diameter of about 10 μm was attached onto the back surface of the microcantilever's tip location by using water and chemical resistant epoxy (AA-BOND 2104, Atom Adhesives). An air-core solenoid coil placed beneath the microcantilever was used to excite/actuate the microcantilever by applying proper magnetic loading onto the magnetic particle, and, therefore, onto the microcantilever body through currentgenerated magnetic field.
Considering the measurement noise level in the actual system, two dynamic modes were included in the microcantilever dynamic model. A band-limitation LPF with the cutoff frequency of 38 kHz, same as the one used in the simulations, was employed to attenuate the influence of the measurement noise and higher dynamic mode responses. The parameters of the two dynamic modes were identified and the associated measurement sensitivities were calibrated, as illustrated in Section II-C, based on which the corresponding MPFs were designed and implemented in FPGA with an update rate of 1 MHz. All experimental evaluations presented in this section were conducted in water. The modal projection filtering method, nonetheless, is not environment sensitive, and the same procedure can be applied to other environments, such as air or vacuum, as long as accurate multimode microcantilever dynamic model and measurement sensitivities can be acquired. The implemented MPFs were first used to extract the thermal fluctuations of individual dynamic modes, while the microcantilever was positioned 1 μm above the sample surface without any external excitation besides the intrinsic thermal force. The measured thermal fluctuation of the AFM microcantilever, as shown in Fig. 9(c) , appeared very noisy because it included responses of multiple dynamic modes excited by the wide-bandwidth thermal force as well as the measurement noise, which was also verified by its PSD displayed in Fig. 9(a) . The implemented MPFs enabled the extraction of the thermal fluctuations of individual dynamic modes in real time, and the extraction results of the two dynamic modes are displayed in time domain in Fig. 9(d) and (e), respectively. It is clear that the extracted modal response included mainly the harmonic component of the dynamic mode of interest besides the random measurement noise. The PSDs of the extracted thermal fluctuations of individual dynamic modes were also computed and displayed in Fig. 9(b) , together with those of the identified dynamic mode models. They agreed well with each other except in the frequency range higher than the second dynamic mode, wherein the performance of the MPFs was limited by the measurement noise. This validates the principle and the accuracy of the proposed model projection filtering method.
Furthermore, the overall thermal fluctuation of the microcantilever was reconstructed as a linear superposition of the extracted thermal fluctuations of individual dynamic modes and its PSD is displayed in Fig. 9(a) . The good agreement between the PSD of the reconstructed thermal fluctuation and that of the identified two-mode microcantilever dynamic model, except for the influence of measurement noise in the high frequency range, demonstrates the accuracy of the MPFs again. By comparing the PSDs of the reconstructed thermal fluctuation and the thermal fluctuation from the conventional method, it is illustrated clearly that the distortion of the second dynamic mode response in the conventional method was corrected through the reconstruction process. In addition, the modal projection filtering process did not introduce any significant phase delay, which is demonstrated by the good time synchronization between the time-domain signals in Fig. 9(c) -(e). This is important for real-time applications.
In the next, extraction of the microcantilever's individual dynamic mode responses and reconstruction of its tip motion by using the implemented MPFs were investigated, while the microcantilever was excited periodically at 2.4 kHz, near the resonance frequency of its first dynamic mode, and tapped the freshly cleaved mica surface in water. Fig. 10(a) shows the measured response of the microcantilever from the conventional method in time domain, wherein significant ringing appeared near the lowest point of each tapping cycle and indicated the transient responses of higher dynamic modes excited momentarily by the tip-sample interaction force. These high dynamic mode responses were exaggerated in the measured response of the conventional method due to the measurement sensitivity difference among different dynamic modes. The responses of the first and the second dynamic modes were extracted in real time by using the implemented MPFs and are displayed in Fig. 10(d) and (e), respectively, as the red dashed lines. It is not surprising that the majority of the extracted first dynamic mode response was of the excitation frequency of 2.4 kHz, whereas the extracted second dynamic mode response included high-frequency oscillations due to the excitation by the tip-sample interaction force. The tip motion was reconstructed from the extracted individual dynamic mode responses and is displayed in Fig. 10(f) as the red dashed line. Compared to the measured response from the conventional method [see Fig. 10(a) ], the reconstructed tip motion showed relatively smooth response near the lowest point of each tapping cycle, indicating that the exaggeration of high dynamic mode responses in the conventional method was corrected in the MPF-reconstructed tip motion.
In the experiment, the actual individual dynamic mode responses and the real tip motion were unknown. In order to investigate the accuracy of the modal projection filtering method in the above experiment, a computer simulation was employed to approximate the real responses in the experiment. First, an AFM microcantilever dynamic model was built in the simulation, and then, the periodic excitation force and the tip-sample interaction force were added to make the measured response in the simulation [see Fig. 10(b) ] very close to that in the experiment [see Fig. 10(a) ]. To achieve this, the identified multimode microcantilever dynamic model and the calibrated periodic excitation force from the real experiment were applied in the simulation. Moreover, the tip-sample interaction force model used in the simulation need to be fine-tuned to approximate the realinteraction force. When the measured responses of the experiment and the simulation matched, the individual dynamic mode responses and the tip motion generated from the simulation [see the blue solid lines in Fig. 10(d)-(f) ] were considered as good approximations of the actual ones in the experiment and were compared with the experimental results of modal response extraction and tip motion reconstruction [see the red dashed lines in Fig. 10(d)-(f) ].
It is shown in Fig. 10 that both the extracted individual dynamic mode responses and the reconstructed tip motion in the experiment matched well with the simulated ones besides some small differences, validating the performance of the modal projection filtering method experimentally. The small differences can be attributed to the thermal fluctuation of the microcantilever and the measurement noise in the experiment, which cannot be exactly simulated. Besides, the inaccuracy of the simulated tipsample interaction force should also be considered since it is difficult to apply an accurate model of the tip-sample interaction force in the simulation even with careful tuning. Fig. 10(c) illustrates the difference between the tip motion reconstructed with the MPFs and the one estimated from the conventional method: simulation (blue solid line) and experiment (red dashed line). In this experiment, the maximum tip motion estimation error by using the conventional method was shown to be 0.8 nm, about 10% of the oscillation amplitude of the microcantilever. This error can be critical in high-resolution topography imaging, tip-sample interaction force reconstruction, and other quantitative studies, such as mechanical property characterization of the sample surface. An example of simulated tip-sample interaction force estimation is given below to further demonstrate the importance of accurate tip motion reconstruction and the significance of the proposed modal projection filtering method.
Given the fact that AFM relies on physical interactions between the microcantilever's tip and the sample surface to probe and sense, the tip-sample interaction force plays a fundamental role in AFM imaging. Accurate detection of and control of this interaction force are prerequisites of high-resolution imaging, especially for soft samples. The interaction force is, however, not directly measured in the AFM system and needs to be reconstructed from the measurement signal, i.e., the tip motion, wherein the microcantilever's response to the interaction force is included. Since the interaction force acts as a disturbance to the microcantilever dynamics, a Kalman-filterbased disturbance estimator can be built to reconstruct this force.
It is worth noting that the Kalman filter structure offers the advantage of optimal/suboptimal estimation with the existence of measurement noise in actual applications. Since the focus of the current work is on real-time reconstruction of multimode tip motion, details about the design of the Kalman-filter-based disturbance estimator are not presented in this paper. Nonetheless, a computer simulation was run to evaluate estimation of the tip-sample interaction force in two cases: 1) use the tip motion estimated from the conventional method as the feedback signal of the disturbance estimator; and 2) use the tip motion reconstructed with MPF as the feedback signal of the disturbance estimator. Measurement noise was also added in the simulation by using a band-limited white noise, the PSD of which was determined according to experimental evaluations of the actual laser measurement system. The interaction force estimation results of these two cases, along with the actual interaction force given in the simulation, are plotted in Fig. 11(b) and (c), respectively. The tip motion and the sample surface location are also illustrated in Fig. 11(a) to indicate when the interactions took place. It is clear in Fig. 11(b) that the interaction force estimated by using the MPF-reconstructed tip motion is very close to the actual one except for small time delay, which is due to the limited estimator bandwidth, and, thus, limited convergence rate, and some random fluctuations caused by the added measurement noise. Meanwhile, the interaction force reconstructed from the conventionally estimated tip motion, as shown in Fig. 11(c) , is obviously different from the profile of the actual force. Not only the peak of the estimated force is 17% smaller than that of the actual force but also ringing associated with the second dynamic mode's resonance frequency appears after tip-sample interaction occurs in each tapping cycle. This is attributed to the incorrectly interpreted response of the second dynamic mode in the estimated tip motion. From this investigation, it is demonstrated that if tip motion estimated from conventional method is used, the reconstructed tip-sample interaction force is not trustworthy, especially if high dynamic modes are noticeably excited. 
V. CONCLUSION AND DISCUSSION
A modal projection filtering method was developed for the dynamic mode AFM to accurately reconstruct the multimode tip motion of the microcantilever from the single measurement signal of the optical lever method. The MPFs designed for this method were implemented in a high-performance FPGA-based digital signal processing system with an update rate of 1 MHz for real-time computation. Both computer simulations and experimental investigations have demonstrated that this method can extract the individual dynamic mode responses successfully and reconstruct the multimode tip motion of the microcantilever accurately. It eliminates the tip position/motion estimation error in the conventional method and is of significance in terms of the quantitative AFM studies, such as high-resolution topography imaging, tip-sample interaction force estimation, and mechanical property characterization of the sample surface, wherein accurate tip position/motion is of great importance. Moreover, the capability of extraction of individual dynamic mode responses can facilitate the investigation of multimode dynamic behavior of the AFM microcantilever and explore the potentials of high dynamic modes in various AFM applications. Although this paper focuses on the AFM system, this method can be applied to other linear dynamic systems with multiple dynamic modes and one single measurement signal for dynamic mode response extraction/reconstruction.
